Members of the Transient Receptor Potential (TRP) family are nonselective cation channels that are multisteric receptors activated by the binding of a variety of exogenous ligands and endogenous mediators, as well as temperature changes. Several TRP receptors are located on the sensory neurons and they are key molecules for sensing pain ([@b1]--[@b3]).

TRP Vanilloid 1 (TRPV1) capsaicin receptor is one of the most important plasma membrane proteins expressed on a large population of polymodal nociceptors and mediates painful signals ([@b4]--[@b8]). It is gated by noxious heat (\>43°C), protons (pH \< 6.0), arachidonic acid, or other FA metabolites produced in response to inflammation or tissue injury, as well as by chemical irritants like capsaicin or resiniferatoxin ([@b9]--[@b13]). Another similar channel, the TRP Ankyrin repeat domain 1 (TRPA1) receptor is mainly colocalized with TRPV1 in the sensory neuronal membrane. Mediators of oxidative stress, inflammation, and pain, e.g., methylglyoxal, formaldehyde, hydrogen peroxide, cold, and mechanical stimuli activate this receptor, besides exogenous compounds, such as cinnamaldehyde, allyl-isothiocyanate (AITC in mustard oil), 4-hydroxynonenal, and allicin ([@b14]--[@b23]).

TRP Melastatin 3 (TRPM3) is mainly stimulated by the cholesterol derivative neurosteroid pregnenolone sulfate (PS) being the precursor of a wide range of steroid hormones, as well as dihydro-[d]{.smallcaps}-erythro-sphingosine, *N*,*N*-dimethyl-[d]{.smallcaps}-erythro-sphingosine, and epipregnanolone sulfate ([@b24]--[@b28]). The presence and stereochemical orientation of the sulfate group of these agonists greatly determines the TRPM3 activation potential and mechanisms. Specific steroid binding site(s) and unique permeation pathway(s) have been suggested for the lipid compounds on TRPM3 ([@b29]--[@b32]) that contribute to thermonociception and inflammatory heat hyperalgesia ([@b28]).

The fourth thermosensitive ion channel of this family is TRP Melastatin 8 (TRPM8), gated by the supercooling agent icilin, menthol, and temperatures below 26°C ([@b33]--[@b38]).

These TRP channels located not only on the cell bodies, but both central and peripheral terminals of primary sensory neurons, are important regulators of pain and inflammatory processes ([@b39], [@b40]). Their activation on the peripheral endings induce neurogenic inflammation in the innervated area due to the release of vasoactive and proinflammatory neuropeptides, such as calcitonin gene-related peptide and Substance P ([@b41]--[@b43]). Therefore, these receptors, with specific emphasis on TRPV1, have been in the focus of analgesic and antiinflammatory drug development in the last 2 decades, most importantly for the treatment of chronic neuropathic pain and inflammatory diseases involving substantial neurogenic inflammatory components (arthritis, psoriasis, inflammatory bowel diseases, and chronic obstructive pulmonary diseases) ([@b44]--[@b46]). These are still considered to be "unmet medical need" conditions because the presently available drugs do not provide satisfactory relief in most cases or they induce severe side effects ([@b47]). There is a strong proof of concept that the inhibition of primary sensory neurons is a very effective analgesic and antiinflammatory mechanism, but antagonists of these TRP channels, most importantly of TRPV1, have still not been registered as new drugs due to their hyperthermic side effects leading to their failure in phase II and III clinal trials ([@b48]).

Therefore, finding new, alternative mechanisms to selectively inhibit nociceptor function via blocking TRP channels, if possible even simultaneously, might be a potential way for the development of novel analgesic and antiinflammatory drugs. These ion channels, similar to the nicotinic acetylcholine receptor, are surrounded by lipid rafts in the sensory neuronal membrane ([@b49]--[@b56]). Lipid rafts are cholesterol, SM, and ganglioside-rich microdomains, and elucidating their function has been an emerging topic recently. Controversial data have been described about the role of lipid rafts in the function of TRP channels. Cholesterol depletion with methyl β-cyclodextrin (MCD) incubation caused impaired signaling processes ([@b54]--[@b56]), diminished the amplitude of capsaicin-induced currents in primary sensory neurons, but had no effect on heat-induced activation in TRPV1-transfected *Xenopus laevis* oocytes ([@b57], [@b58]) or agonist binding to TRPV1 in rat C6 glioma cells ([@b59]). MCD treatment influenced the activation potential of TRPM8 in sensory neurons ([@b60]). We recently discovered that lipid raft disruption by pharmacological depletion of various constituents, such as SM, cholesterol, or gangliosides, reduced TRPV1, TRPA1, and TRPM8 activation on sensory neurons and a TRPV1-transfected cell line ([@b61], [@b62]).

Several endogenous steroids have been described to inhibit TRPV1. Dehydroepiandrosterone (DHEA) decreases capsaicin-evoked currents in primary sensory neurons ([@b63]), but it is not clear whether steroids bind directly to the capsaicin-binding domain or allosterically modulate TRPV1 activation. We published that our synthetic steroid compound (C1) decreased the capsaicin-induced activation of TRPV1 ([@b64]), but the mechanism of action and other related TRP channels were not investigated.

Therefore, in the present study, we examined the effect of this C1 molecule on TRPV1, TRPA1, TRPM3, and TRPM8 ion channel activation, in comparison with other structurally related compounds (C2 and C3), specifically addressing potential lipid raft modifying abilities on primary sensory neurons and receptor-expressing cell lines. C1 and C2 have an *N*-(prop-2-ynyl)-carboxamido group; the main difference in the structure of these compounds lies in the unnatural *cis* junction of rings C and D in C1. Compound C3, a 16-keto-18-nor-13α-steroid, was the starting material during the synthesis of C1 (without the *N*-(prop-2-ynyl)-carboxamido group) ([**Fig. 1**](#f1){ref-type="fig"}).

![Structure of our steroid compounds. C1 and C2 have a *N*-(prop-2-ynyl)-carboxamido group; the main difference in the structure of these compounds lies in the unnatural *cis* junction of rings C and D in C1. Compound C3, a 16-keto-18-nor-13α-steroid, was the starting material during the synthesis of C1.](1851fig1){#f1}

With these experiments, our aim was to determine whether and how our novel synthetic steroids having different steroidal skeleton shapes and carboxamido group positions influences the activation of the TRP channels with specific emphasis on membrane lipid rafts. Our results can provide important outcomes from both the lipid raft investigating experimental tool and potential drug developmental points of view.

MATERIALS AND METHODS
=====================

Primary cultures of trigeminal ganglion neurons
-----------------------------------------------

Trigeminal ganglion (TG) cultures were prepared from neonatal 1--3 day old NMRI mice. Ganglia were excised in ice-cold PBS and incubated for 20 min at 37°C in PBS containing collagenase Type XI (1 mg/ml), and then in PBS with DNase I (1,000 units/ml) for 8 min. After washing with PBS, mechanical dissociation was performed. Cells were plated on poly-[d]{.smallcaps}-lysine-coated glass coverslips in a medium containing DMEM-low glucose, 5% horse serum, 5% newborn calf serum, 5% FBS, 0.1% penicillin-streptomycin, and 200 ng/ml nerve growth factor (NGF). Cells were maintained at 37°C in a humidified atmosphere with 5% CO~2~ ([@b65]).

Ratiometric technique of intracellular free calcium concentration measurement with the fluorescent indicator fura-2 AM
----------------------------------------------------------------------------------------------------------------------

Measurements were performed on 1--2 day old cell cultures. Cells were incubated for 30 min at 37°C with 1 μM fluorescent Ca^2+^ indicator dye, fura-2-AM in a solution containing (in mM): NaCl, 122; KCl, 3.3; CaCl~2~, 1.3; MgCl~2~, 0.4; KH~2~PO~4~ 1.2; HEPES, 25; and glucose, 10; (pH 7.3). After staining, cells were washed for 5 min with extracellular solution (ECS) containing (in mM): NaCl, 150; KCl, 2.5; CaCl~2~x2H~2~O, 1; MgCl~2~ x 6H~2~O, 2; HEPES, 10; and glucose, 10; (pH 7.3). The rapid changing of solutions from a triplet outlet tube was controlled with a fast step perfusion system (catalog no. VC-77SP, Warner Instrument Corporation, Harvard Apparatus GmbH, Germany). Calcium transients were examined with microfluorimetry as described elsewhere ([@b65]). Fluorescent imaging was performed with an Olympus LUMPLAN FI/×20 0.5 W water immersion objective and a digital camera (CCD, SensiCam PCO, Germany). The fluorescence of maximally 12 dye-loaded cells per plate was monitored. Monochromator (Polychrome II., Till Photonics, Germany) generated 340 and 380 nm light (for 50--200 ms each) was used for alternate illumination of cells controlled by Axon Imaging Workbench 2.1 (AIW, Axon Instruments, CA) software. Emitted light (wavelength \> 510 nm) was recorded. *R* = F340/F380 was monitored (rate 1 Hz) continuously for up to 2 min. R values generated by AIW 2.1 software were subsequently processed by the Origin software version 7.0 (Originlab Corp.. Northampton, MA). Ratiometric response peak magnitude was measured.

Neurons were incubated with 100 µM C1, C2, and C3 for 45 min, respectively, at 37°C in a humidified atmosphere with 5% CO~2~, or with the solvent of these compounds as control. Additional control experiments with the C1 compound were performed to evaluate the actions on TRPV1 with 7.5% serum (2.5% horse serum, 2.5% newborn calf serum, and 2.5% FBS) during the incubations. Capsaicin (330 nM), AITC (100 µM), icilin (1 µM), and PS (50 µM) were administered for TRPV1, TRPA1, TRPM8, and TRPM3 activation, respectively.

Radioactive calcium-45 uptake experiments in CHO cells expressing cloned human TRPV1 and TRPA1 receptor
-------------------------------------------------------------------------------------------------------

CHO cells stably expressing the TRP receptors were plated into medium onto Microwell Minitrays from Sigma Inc. in 15 μl of cell culture, similarly as described earlier for HT1080 cells ([@b66]). Cell lines were prepared in our laboratory, and passed six to seven times. The following day, the cells were washed five times with calcium-free Hank's solution (pH 7.4), then incubated in 15 μl of the same buffer containing the desired amount of C1, C2, or C3 (10, 50, or 100 µM) at 37°C. After washing with Hank's solution, the cells were incubated in 10 μl of the same buffer containing 100 nM TRPV1 agonist capsaicin or 100 μM TRPA1 activator AITC and 200 μCi/ml ^45^Ca isotope (1.3 Ci/mmol; Amersham) for 2 min at room temperature. After washing five times with ECS, the residual buffer was evaporated. Then, the retained isotope was collected in 15 μl of 0.1% SDS, and the radioactivity was measured in 2 ml of scintillation liquid in a Packard Tri-Carb 2800 TR scintillation counter.

Synthesis of steroid compounds
------------------------------

Steroids ([Fig. 1](#f1){ref-type="fig"}) were synthesized by methods described previously in detail ([@b64], [@b67], [@b68]).

In brief, the C3 was obtained via an unusual Wagner-Meerwein rearrangement of 16α,17α-epoxy-5α-androstane in the presence of imidazolium-based ionic liquids ([@b67]). The derivatization of the unnatural C3 was performed by Barton's methodology, leading to an iodoalkene mixture \[16-iodo-16-ene and 16-iodo-15-ene (**1**) derivatives\] ([@b64]). The iodoalkene mixture was converted to *N*-(prop-2-ynyl)-carboxamides via a palladium-catalyzed aminocarbonylation reaction. The two products were separated from each other by column chromatography; therefore, C1 was obtained in pure form ([Fig. 2](#f2){ref-type="fig"}). Aminocarbonylation reaction of 17-iodo-5α-androst-16-ene (**2**) in the presence of prop-2-yn-1-amine led to steroidal carboxamide C2 of the natural androstane series ([@b68]).

![Synthesis of C1 and C2. The iodoalkene mixture was converted to *N*-(prop-2-ynyl)-carboxamides via a palladium-catalyzed aminocarbonylation reaction.](1851fig2){#f2}

### General procedure for the carbonylation of unnatural steroidal iodoalkenes*.*

A mixture of 16-iodo-15-ene (**1**) and the isomeric 16-iodo-16-ene (in a molar ratio of 55/45), Pd(OAc)~2~, and PPh~3~ were placed under carbon monoxide in a Schlenk tube equipped with a magnetic stirrer, a septum inlet, and a reflux condenser with a balloon on the top. DMF, prop-2-yn-1-amine, and Et~3~N were added through the septum inlet. The product was purified by column chromatography to produce the 16-carboxamido-15-ene steroid C1 in 60% yield \[based on the amount of the 16-iodo-15-ene derivative (**1**) in the starting material\].

### General procedure for the carbonylation of steroidal iodoalkene*.*

In a typical procedure, 17-iodo-5α-androst-16-ene (**2**), Cs~2~CO~3~, Pd(OAc)~2~, and PPh~3~ were placed under carbon monoxide in a Schlenk tube equipped with a magnetic stirrer, a septum inlet, and a reflux condenser with a balloon on the top. The 1,4-dioxane and prop-2-yn-1-amine were added through the septum inlet. The reaction was monitored by TLC. Cs~2~CO~3~ was filtered. The product C2 was isolated by column chromatography in 79% yield.

Filipin fluorescence staining of free cholesterol in CHO cells
--------------------------------------------------------------

Cholesterol content of the CHO cells was analyzed with a cholesterol-binding compound filipin with the same method as described on machrophages ([@b69]). For cholesterol depletion, cells that were treated with 10 mM MCD for 45 min at 37°C served as a positive control. Other cells were incubated with 100 µM C1, C2, and C3 for 45 min at 37°C or with the solvent of the compounds. After washing with PBS, cells were fixed with 4% paraformaldehyde for 1 h at room temperature. Cells were washed with PBS and quenched with 1.5 mg/ml glycine in PBS for 10 min at room temperature. Filipin staining (0.05 mg/ml filipin in PBS/10% FBS) was performed for 2 h at room temperature. Cells were then washed three times with PBS, and they were analyzed by fluorescence microscopy. Micrographs have been generated with an Olympus Fluoview-1000 system on an Olympus IX81 microscope stage equipped with an Olympus DP70 digital camera and through an Olympus UPlan FL N, Phase2 objective (40×/0.75). Image size was set at 4080 × 3072 and ISO at 200. Quantification of filipin staining was performed with ImageJ software. Fluorescence intensity of 120 cells was determined in at least three different slides.

Fluorescence spectroscopy
-------------------------

Detection of 6-dodecanoyl-*N*,*N*-dimethyl-2-naphthylamine's (laurdan's) fluorescence emission is an efficient tool to study membrane structures both in model membranes and living cells ([@b70], [@b71]). It was successfully used to distinguish between liquid-ordered and liquid-disordered membrane phases. The spectral position and shape of fluorescence emission and excitation spectra of laurdan depend both on the speed of its dipolar relaxation and the polarity of its microenvironment. TGs are isolated from 12 neonatal (postnatal day 1--3) NMRI mice. TG cultures were incubated with 100 µM C1, C2, and C3 for 45 min at 37°C before laurdan administration (2 µM for 40 min at 37°C). After washing with PBS, cells were scraped from the plates and homogenized. To record fluorescence excitation and emission spectra, a HORIBA Jobin-Yvon Nanolog FL3-2iHR spectrofluorometer equipped with a 450-W xenon lamp was utilized. During the measurements, samples were kept at a constant 20°C using a Thermo Scientific circulating bath AC200-A25 with a 4 mm path length quartz cuvette (Hellma 104F-QS).

### Excitation-emission matrices.

To clearly visualize spectral changes, excitation and excitation-emission matrices (EEMs) were measured for all samples, which consists of a series of emission spectra measured at different excitation wavelengths. This matrix obtained this way has one axis for the emission wavelengths, whereas the other includes the excitation wavelengths. At the intersection points, fluorescence intensity can be read as the value of the third axis.

### Anisotropy.

To study the molecular orientation and mobility, steady-state emission anisotropy was measured in "L-format" arrangements for all the samples. The excitation was vertically polarized, while anisotropy was calculated from consecutively measured vertical and horizontal polarized intensities. Anisotropy \<*r*\> is defined as:$$\left\langle r \right\rangle = \frac{I_{VV}–G \times I_{VH}}{I_{VV} + 2 \times G \times I_{VH}},$$

where *G* is the spectrofluorometer's sensitivity factor given by:$$G = \frac{I_{HV}}{I_{HH}}.$$

*G* value was automatically recalculated at each points of the anisotropy measurement.

Viability assay
---------------

CHO cells in 96-well plates were washed three times with PBS using a Biotek ELx50 Elisa washer programmed to gentle filling and aspiration. Cells were treated with 100 μM C1, C2, and C3 in ECS for 45 min at 37°C and then washed three times with PBS. The drained wells were incubated with 250 μl of 5% perchloric acid (PCA) for 15 min at room temperature. ATP was measured by the luciferin--luciferase technique ([@b72]) adapted to microplates ([@b73]). Briefly, PCA extracts were neutralized by 9.13% KOH in a separate standard microplate. ATP was measured using a white 96-well optical plate (20 μl neutralized sample/200 μl ATP reagent). Standards in the range of 120 nM to 1 μM were prepared and treated the same way as the samples. Luminescence of the standards/samples was measured by a multimode plate reader (EnSpire, PerkinElmer) with 5 s integration time. The number of attached cells in the wells were assessed by 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) nucleic acid staining \[100 μl/well of 10 μg/ml DAPI solution in McIlvain's buffer (citric acid/Na~2~HPO~4~, pH 7.0)\]. Fluorescence of DAPI was read in the multimode plate reader at 355 nm excitation and 460 nm emission wavelength, with area scan mode (cylindrical scan, 25 measuring points/well). Total intracellular protein of the acid fixed cells in the wells was measured after solubilization by 250 μl of 1 mol/l NaOH for 15 min at room temperature. Extracted proteins were derivatized by 4-phenylspiro-\[furan-2(3H),1-phthalan\]-3,3′-dione (fluorescamine) in a 0.2 M borate/NaOH buffer containing 0.1% Triton X-100 at pH 9.2 (Spectrophotometry and Spectrofluorimetry). Fluorescence was quantified using the multimode plate reader at 385 nm excitation and 490 nm emission wavelengths, and dilutions of BSA served as standards.

Data obtained for the treated cells were referred to the untreated controls and were expressed in percentage. To obtain further information on the viability of the cells, ATP/DAPI and ATP/protein ratios were also calculated and also expressed in percentage ([@b73]).

Drugs and chemicals
-------------------

AITC (Sigma, St. Louis, MO) was dissolved in DMSO (Sigma) to obtain 10 mM stock solution. Further dilutions were made with ECS solution to reach final concentrations of 100 μM. Capsaicin (Sigma) was dissolved in DMSO to obtain a 10 mM stock solution. Further dilutions were made with ECS or Hank's solution to reach final concentrations of 330 or 100 nM, respectively. Icilin and PS were purchased from Sigma and dissolved in ECS to reach final concentrations of 1 and 50 μM, respectively. MCD was purchased from Sigma, dissolved in ECS solution. Filipin III from was obtained from Sigma and dissolved in DMSO to reach 1 mg/ml stock solution. Laurdan was purchased *Streptomyces filipinensis* from Sigma and dissolved in DMSO to obtain a 10 mM stock solution. Penicillin-streptomycin was purchased from Gibco (Grand Island, NY). DMEM-low glucose, collagenase type XI, DNase I, horse serum, newborn calf serum, FBS, poly-[d]{.smallcaps}-lysine, glycine, and NGF were purchased from Sigma. C1, C2, and C3 were dissolved in DMSO to obtain 10 mM stock solution. Further dilutions were made with ECS and Hank's solution. DAPI, fluorescamine, and the ATP CLS II bioluminescent reagent kit were also purchased from Sigma.

Statistical analysis
--------------------

Data reported in this paper are the means ± SEM or the means ± SD of at least three independent experiments. Statistical analysis was performed by Kruskal-Wallis test with Dunn's post hoc test, Student's *t*-test or one-way ANOVA with Bonferroni's post hoc test; in all cases, *P* \< 0.05 was considered statistically significant.

Ethics
------

Mice were kept in the Laboratory Animal House of the Department of Pharmacology and Pharmacotherapy, University of Pécs at 24--25°C and provided standard mouse chow and water ad libitum. All efforts were made to minimize animal suffering and to reduce the number of animals used. All experimental procedures were carried out according to the European legislation (Directive 2010/63/EU) and Hungarian Government regulation (40/2013., II. 14.). The studies were approved by the Ethics Committee on Animal Research of Pécs University according to the Ethical Codex of Animal Experiments, and license was given (license BA02/2000-5/2011).

RESULTS
=======

Effect of steroid compounds C1, C2, and C3 on capsaicin-evoked ^45^Ca uptake on CHO cells expressing the cloned TRPV1 receptor
------------------------------------------------------------------------------------------------------------------------------

In the presence of C1, the intracellular ^45^Ca uptake induced by 100 nM capsaicin was significantly diminished in a concentration-dependent manner. [**Figure 3**](#f3){ref-type="fig"} shows the percent values of ^45^Ca uptake relative to the vehicle control (100%). C1 in 50 and 100 µM concentrations decreased ^45^Ca uptake to 70 ± 9% and 39 ± 10%, respectively. Decrements in capsaicin-induced Ca^2+^ influx were nonsignificant up to treatment with 50 µM C2 and C3, but after 100 µM concentrations, capsaicin responses diminished to 69 ± 11% or 70 ± 14%, respectively.

![Effect of steroid compounds C1 (A), C2 (B), and C3 (C) (10, 50, and 100 µM, respectively) on TRPV1-expressing CHO cell line in radioactive ^45^Ca-uptake experiments after capsaicin (CAPS, 100 nM) administration. ^45^Ca-accumulations are presented in percent of control (vehicle-treated). Each column represents the mean ± SD of values of three experiments. \* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001 (C1-, C2-, or C3-treated vs. control, one-way ANOVA, Bonferroni's post hoc test).](1851fig3){#f3}

Effect of steroid compounds C1, C2, and C3 on TRPV1 receptor activation-mediated Ca^2+^ influx in cultured TG neurons
---------------------------------------------------------------------------------------------------------------------

The percent of neurons responding to 330 nM capsaicin was determined in control and steroid compound-treated (C1: 1, 10, and 100 μM; C2: 100 μM; C3: 100 μM) for 45 min in 37°C plates. Application of 330 nM capsaicin for 10 s induced transient Ca^2+^ accumulation in the cytosol of TG neurons as detected by the magnitude of the fluorescence response. Ca^2+^ influx was detected in 57.58 ± 3.78% (36 of 63) of the neurons on control plates of C1. This value did not change in the presence of 1 μM C1, but higher concentrations of steroids caused significant decrease in the proportion of cells responding to capsaicin. These values were 28.33 ± 8.1% (8 of 32) and 7.25 ± 3.4% (3 of 45) after 10 and 100 μM C1, respectively ([**Fig. 4B**](#f4){ref-type="fig"}). Capsaicin-induced fluorescence increment was *R* = 0.68 ± 0.05 on control plates. Incubation with 10 and 100 μM C1 for 45 min at 37°C diminished significantly the capsaicin-evoked fluorescence change, resulting in *R* = 0.29 ± 0.05 and *R* = 0.21 ± 0.06 ratio values, respectively ([Fig. 4A](#f4){ref-type="fig"}). C1 had almost the same inhibitory effect on TRPV1 ion channel activation on TG cells in the presence of serum during the incubation time (capsaicin-induced fluorescence increment was *R* = 0.79 ± 0.06 on control plates, and incubation with 10 μM C1 significantly decreased the capsaicin-evoked fluorescence change resulting in *R* = 0.45 ± 0.1 ratio value; supplemental Fig. S1.). Incubation with C2 (100 μM), but not with C3 (100 μM) caused significant decrease in the proportion of cells responding to capsaicin. These values were 10.48 ± 4.14% (10 of 96) and 53.38 ± 7.59% (33 of 60) after 100 μM C2 and 100 μM C3, respectively ([Fig. 4D](#f4){ref-type="fig"}). Nevertheless, fluorescence increment was diminished both after C2 and C3 administration; *R* values were *R* = 0.32 ± 0.06 and *R* = 0.36 ± 0.04, respectively ([Fig. 4C](#f4){ref-type="fig"}).

![Effect of steroid compounds on TRPV1 receptor activation induced by capsaicin (CAPS) on cultured TG sensory neurons. A: Change in the fluorescence ratio (*R* = F340/F380) is presented after 1, 10, and 100 µM C1 treatment. Dot plot represents mean ± SEM. \* *P* \< 0.05 (Kruskall-Wallis test with Dunn's posttest, C1-treated vs. control). n = 32--100 cells per group. B: Percentage of responsive cells to capsaicin is presented after 1, 10, and 100 µM C1 administration. Ca^2+^ responses are presented in percent of total number of examined neurons. \* *P* \< 0.05; \*\*\* *P* \< 0.001 (Kruskall-Wallis test with Dunn's posttest, C1-treated vs. control). n = 32--100 cells per group. C: Change in the fluorescence ratio (*R* = F340/F380) is presented after 100 µM C2 and C3 treatment. Dot plot represents mean ± SEM. \* *P* \< 0.05; \*\* *P* \< 0.01 (Kruskall-Wallis test with Dunn's posttest, C2- or C3-treated vs. control). n = 60--96 cells per group. D: Percentage of responsive cells to capsaicin is presented after 100 µM C2 and C3 administration. Ca^2+^ responses are presented in percent of total number of examined neurons. \*\* *P* \< 0.01 (Kruskall-Wallis test with Dunn's posttest, C2-treated vs. control). n = 60--96 cells per group.](1851fig4){#f4}

Filipin staining
----------------

CHO cells were stained with the cholesterol-binding compound filipin to visualize at cellular level the effect of steroid compounds on of plasma membrane cholesterol level, as described in macrophages ([@b69]). The widely used cholesterol depletor agent MCD (10 mM) served as a positive control beside the steroid treatments. As compared with control cells ([**Fig. 5A**](#f5){ref-type="fig"}), treatment with MCD strongly reduced filipin labeling of the plasma membrane in CHO cells ([Fig. 5B](#f5){ref-type="fig"}). Cholesterol was found in both the plasma membrane and in perinuclear compartments of control cells. Fluorescence intensities were 190 ± 2 and 152 ± 3 in control and MCD-treated plates, respectively ([Fig. 5D](#f5){ref-type="fig"}). Reduction of fluorescence intensity of cholesterol staining was detected in C1-treated ([Fig. 5C](#f5){ref-type="fig"}), C2-treated, and C3-treated CHO cells resulting in 163 ± 3, 167 ± 1, and 169 ± 2 fluorescence intensity values, respectively ([Fig. 5D](#f5){ref-type="fig"}).

![Filipin staining. TRPV1-expressing CHO cell line: control (A), MCD-treated (B), and C1-treated (C). Micrographs have been generated using an Olympus Fluoview-1000 system on an Olympus IX81 microscope stage equipped with an Olympus DP70 digital camera and through an Olympus UPlan FL N, Phase2 objective (40×/0.75). Image size was set at 4080 × 3072 and ISO at 200. Scale bars: 50 µm. D: Quantification of filipin staining by ImageJ software. Fluorescence intensities are presented in percent of control after 10 mM MCD and 100 µM C1, C2, and C3 treatment. \*\*\* *P* \< 0.001 (one-way ANOVA, Bonferroni's post hoc test, MCD-, C1-, C2-, or C3-treated vs. control); ^\#\#\#^ *P* \< 0.001 (one-way ANOVA, Bonferroni's post hoc test, C1-, C2-, or C3-treated vs. MCD-treated). n = at least 120 cells.](1851fig5){#f5}

Fluorescence spectroscopy
-------------------------

Laurdan's fluorescence emission is extremely sensitive for the polarity of the microenvironments ([@b70], [@b71]); thus, laurdan is a suitable fluorophore to distinguish between liquid-ordered (control) and liquid-disordered (treated) membrane phases ([@b74]). Shape and spectral position of fluorescence emission and excitation spectra of laurdan depend both on the polarity of its microenvironment and the speed of its dipolar relaxation. In C1-treated sample spectral, broadening and major structural changes can be seen ([**Fig. 6A**, B](#f6){ref-type="fig"}), and the structural change is clearly visible on the difference matrix' contour plot due to the treatment ([Fig. 6C](#f6){ref-type="fig"}).

![Excitation-emission matrices contour plots of C1-treated sample (A) and its control (B). C: Differential contour plot calculated as A/B. D: Emission anisotropy of C1-treated sample vs. its control.](1851fig6){#f6}

To confirm this effect, steady-state emission anisotropy measurements were performed. As [Fig. 6D](#f6){ref-type="fig"} shows, the value of anisotropy (*r*) is significantly lower in the case of disordered phase membrane (sample) than in the case of the ordered phase membrane (control) on the spectral region of laurdan's emission. This lower anisotropy means that the laurdan's local motion is less restricted. The lower anisotropy value is the direct evidence of the transition from the ordered toward the disordered membrane phase induced by the sample treatment.

For the C2- and C3-treated samples, the difference between the sample and its control was minimal, which indicates that spectrally no major environmental changes happened in the surroundings of laurdan.

Effect of steroid compound C1 on TRPA1, TRPM8, and TRPM3 ion channel activation mediated Ca^2+^-influx in cultured TG neurons and AITC-evoked ^45^Ca uptake on CHO cells expressing the cloned TRPA1 receptor
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In the next series of experiments, C1 steroid compound was used, which exerted the most effective inhibitory action of TRPV1 receptor activation and caused structural changes in plasma membrane as detected by fluorescence spectroscopy. In the presence of 50 µM concentration of C1, intracellular Ca^2+^ influx induced by 100 µM AITC was significantly decreased, measured by the radioactive ^45^Ca uptake method. [**Figure 7**](#f7){ref-type="fig"} shows the percent values of ^45^Ca uptake relative to the vehicle control (100%); C1 in 50 and 100 µM concentrations decreased ^45^Ca uptake to 68 ± 8% and 36 ± 14%, respectively ([Fig. 7A](#f7){ref-type="fig"}).

![Effect of C1 compound on TRPA1, TRPM8, and TRPM3 receptor activation in cultured TRG neurons and CHO cells expressing the cloned TRPA1 receptor. A: Effect of C1 compound (10, 50, and 100 µM) on AITC (100 µM)-evoked ^45^Ca uptake on CHO cells expressing the cloned TRPA1 receptor. Ca^2+^ accumulations are presented in percent of control (vehicle-treated). Each column represents the mean ± SD of values of three experiments. \* *P* \< 0.05; \*\*\* *P* \< 0.001 (one-way ANOVA, Bonferroni's post hoc test, C1-treated vs. control). B: Increases of *R* = 340/380 fluorescence in fura-2 loaded cultured TG neurons. Upper: Records from 2 AITC-sensitive cells on a control plate. Lower: AITC-induced Ca^2+^ transient in fura-2 loaded cultured TG neurons on a 100 µM C1-treated plate. C: Change in the fluorescence ratio (*R* = F340/F380) in AITC-sensitive cells is presented after 100 µM C1 treatment. Dot plot represents mean ± SEM. \*\* *P* \< 0.01 (Student's *t*-test for paired comparison, C1-treated vs. control). D: The percentage of responsive cells to AITC is presented after 100 µM C1 administration. Ca^2+^-responses are presented in percent of total number of examined neurons. \* *P* \< 0.05 (Student's *t*-test for paired comparison, C1-treated vs. control). n = 51--130 cells per group. E: Change in the fluorescence ratio (*R* = F340/F380) after TRPM8 receptor activation in icilin (1 µM)-sensitive cells is presented after 100 µM C1 treatment. Dot plot represents mean ± SEM. F: Percentage of responsive cells to icilin is presented after 100 µM C1 administration. Ca^2+^-responses are presented in percent of total number of examined neurons. \* *P* \< 0.05 (Student's *t*-test for paired comparison, C1-treated vs. control). n = 47--55 cells per group. G: Change in the fluorescence ratio (*R* = F340/F380) after TRPM3 receptor activation in PS (50 µM)-sensitive cells is presented after 100 µM C1 treatment. Dot plot represents mean ± SEM. H: Percentage of responsive cells to PS is presented after 100 µM C1 administration. Ca^2+^ responses are presented in percent of total number of examined neurons. \* *P* \< 0.05 (Student's *t*-test for paired comparison, C1-treated vs. control). n = 39--47 cells per group.](1851fig7){#f7}

The percent of neurons responding to 100 μM AITC was determined in control and C1-treated plates with ratiometric technique of intracellular free calcium concentration measurement. The response to AITC had a longer duration and developed after a longer latency (20--30 s). Under control circumstances, Ca^2+^ influx was detected in 32.13 ± 4.3% (17 of 51) of the neurons. Diminution in the proportion of cells responding to AITC was detected after C1 treatment, 9.79 ± 2.68% (12 of 130) of neurons responded with Ca^2+^ influx ([Fig. 7D](#f7){ref-type="fig"}).

AITC-induced fluorescence increment was *R* = 0.79 ± 0.35 on control plates, which was significantly decreased to *R* = 0.35 ± 0.08 ([Fig. 7C](#f7){ref-type="fig"}). Original registrations are shown on [Fig. 7B](#f7){ref-type="fig"} (upper, control; lower, C1-treated).

We investigated whether C1 has any effect on the other two TRP ion channel (TRPM8 and TRPM3) activations, which are involved in pain and thermosensation. The percent of neurons responding with Ca^2+^ influx to the TRPM8 agonist icilin (1 μM) and the TRPM3 agonist PS (50 μM) was determined on control plates. The response to icilin and PS had a long duration after a short latency (5--10 s) in case of icilin and longer latency (20--30 s) in case of PS. The percentages of icilin- and PS-responsive cells were 17.59 ± 3.38% (8 of 47) and 57.35 ± 11.08% (23 of 39) on control plates. A significant decrease in the percent of icilin- and PS-sensitive cells was observed after C1 incubation, resulting in 5.61 ± 2.66% (3 of 55) and 24.09 ± 5.56% (12 of 47) responsive cells ([Fig. 7F, H](#f7){ref-type="fig"}). Peaks of mean fluorescence increments to icilin and PS were measured on control and C1-treated plates. In contrast with the results of the percentage of responsive cells, icilin- and PS-induced Ca^2+^ influx ratio values remained unaltered after C1 treatment ([Fig. 7E, G](#f7){ref-type="fig"}).

3.6. Cell viability assays
--------------------------

Regarding ATP concentrations, only 100 μM C3 exposure exerted significant decreasing effect as compared with both ECS and solvent without significant changes in cell number (DAPI data) and total protein contents. Only DAPI staining was diminished minimally, but significantly by C1; C2 did not influence any of these parameters ([**Fig. 8A**](#f8){ref-type="fig"}). The ATP/DAPI and the ATP/protein ratios were more sensitive parameters of viability; only C3 decreased significantly both ratios, but C2 and C1 decreased only the ATP/protein value ([Fig. 8B](#f8){ref-type="fig"}).

![Cell viability assays. ATP, DAPI (cell nuclei), and total protein expression data of cell cultures (A) and the calculated ATP/DAPI and ATP/total protein ratios (B) after C1, C2, and C3 treatment in comparison with untreated (ECS) and solvent-treated controls expressed in percentage. *\* P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001 vs. ECS; and ^\#^ *P* \< 0.05; ^\#\#\#^ *P* \< 0.001 vs. solvent (one-way ANOVA, Bonferroni post hoc test). Slightly decreased cell number was found in case of 100 μM C1.](1851fig8){#f8}

DISCUSSION
==========

We report here that the carboxamido steroid compound C1 significantly inhibits the opening properties of the TRPV1, TRPA1, TRPM8, and TRPM3 cation channels on primary sensory neurons and receptor-expressing cell lines. C1 at a concentration of 10 µM decreased the TRPV1 activation-induced peak of mean fluorescence increment sensory neurons and reduced the ^45^Ca uptake in TRPV1 receptor-expressing cells. C2 having the *N*-(prop-2-ynyl)-carboxamido group in a different position also significantly diminished the TRPV1 ion channel activation, but C3 without the *N*-(prop-2-ynyl)-carboxamido group had a slight inhibitory effect on the gating of the TRPV1 ion channels.

Beyond the position of the carboxamido group in the skeleton of C1 and C2 (C-16 and C-17, respectively), the main difference in the structure of these compounds lies in the unnatural *cis* junction of rings C and D in compound C1, whereas C2 possesses a normal androstane skeleton with a *trans* anellation of the C--D rings. As a result, ring D is forced above the average plane of the steroid in C1, as it was proven in earlier studies by X-ray crystallography ([@b64]), whereas C2 bears a quasiplanar structure. In order to study the effect of the molecular structure on the inhibition, a third compound (C3) was also chosen for the investigation. It lacks the *N*-(prop-2-ynyl)-carboxamido group of C1 and C2, but has the same unnatural skeleton as C1. This derivative, a 16-keto-18-nor-13α-steroid (C3), was the starting material during the synthesis of C1. This study revealed that the presence of the carboxamido group, as well as the shape of the steroidal skeleton and the position of the carboxamido group, are important for the development of the inhibitory action on TRP ion channels.

Endogenous steroids have been described as potential modulators of the TRPV1 cation channel. The plant-derived α-spinasterol diminished capsaicin-evoked nociception and edema without affecting body temperature or locomotor activity; thus, it has been described as a novel, effective, and safe TRPV1 inhibitor ([@b75], [@b76]). TRPV1 and TRPM3 ion channels have been linked to neuroactive steroids. Stimulatory and inhibitory effects have been described in case of TRPV1, and stimulatory effects occurred for TRPM3 ([@b27], [@b63], [@b77]). Stereoselective inhibition of Transient Receptor Potential Canonical 5 (TRPC5) cation channels by steroids has been reported. PS, pregnanolone sulfate, pregnanolone, or dihydrotestosterone diminished the function of TRPC5; progesterone had strong inhibitory effects on TRPC5 ([@b77]). DHEA had an inhibitory effect on the TRPV1 channel activation, but its 3α-DHEA stereoisomer potentiated the capsaicin-induced current, suggesting that the interaction of steroids with TRPV1 is stereospecific ([@b63]). Analysis of the steroid structure-activity relations for TRP channels is needed, but it is clear that a minimal structural change, including stereo-isomerism, might be enough to change or eliminate the effect ([@b77]).

Cell viability decreased moderately, but statistically significantly, only by C3; C1 and C2 did not induce remarkable effect. The observation that the ATP/DAPI and ATP/total protein ratios were more sensitive than the single parameters emphasizes the importance of using at least one reference signal with much less probability to change rapidly (nucleic acid or protein) when determining viability parameters based on ATP assay. A further advantage of the multiparametric approach is that by interpreting all data, one might get information on the potential mode of action of test compounds. It is well known that ATP depletion is reversible down to 20--40% of the initial values, depending on cell type and culture conditions. In this regard, our viability data suggest that C1--C3 treatments did not cause irreversible damage to CHO cells during the relatively short exposure time. It should also be noted that there is always a thorough washing step before the different measurements. Therefore, the detached dead cells are removed first, and the viability data represent only the parameters of the still-attached (postulated to be living) cells. One of the most frequently used viability tests is the measurement of intracellular ATP, but its turnover is extremely rapid and may change inhomogeneous because of the diversity of the living cell population ([@b73]).

It can be concluded that our carboxamido steroid compound C1 exerts prominent inhibitory effects on all investigated TRP channels located on primary sensory neurons, such as TRPV1, TRPA1, TRPM3, and TRPM8, and the presence and the position of the carboxamido group are important for this action. We provided the first evidence that our steroid compound C1 is able to deplete cholesterol from the plasma membrane and exerts the same effect in 10 µM concentration as MCD in 1,000 times higher concentration. Therefore, one of the main outcomes of the present experiments is that our new compound C1 is a particularly useful experimental tool to investigate the effect of cholesterol depletion and the subsequent lipid raft disruption on receptor/ion channel functions, and it could replace MCD, which is currently the most widely used compound in this field. The other main message is that the hydrophobic interactions between the TRP channels and lipid rafts can modulate the gating of these ion channels, and targeting this interaction represents a novel and promising drug developmental perspective.
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